The composition ratio of bile acids are classified into taurocholate TC , taurodeoxycholate TDC , taurochenodeoxycholate TCDC , and tauroursodeoxycholic acid TUDC . In the human gallbladder the quantitative ratio of TC:TDC:TCDC:TUDC is 17:5:10:1 2 . The slight variations in the structure of different bile salts bring about remarkable differences in their chemical and physical properties. Bile salts act as surfactants in their pure system, and have different critical micelle concentration cmc and aggregation behavior according to their molecular form 3 8 . The varying micellar properties originate from differences in the intrinsic molecular formula of the bile salts and it is of fundamental scientific interest to probe this relationship. In 1968, D. M. Small proposed that bile salts form micellar structures through aggregation, leading to primary or secondary micelles. The primary micelles are formed by back-to-back association between the bile acid steroid rings, with the hydrophilic faces exposed to aqueous molecules. Larger secondary micelles are formed by the association of primary micelles at their polar faces and stabilized by hydrogen bonding via the hydroxyl groups 9 . The micellar structure of bile salts has been discussed and found to fit this representative model using several different techniques 10 16 .
Recently, nuclear magnetic resonance NMR spectroscopic methods have been used to determine the intrermolecular interactions in bile salt micelles by directly or indirectly identifying the interacting atoms in the aggregates. In particular, two-dimensional 1 H-NMR was used to directly determine the key protons involved in micelle formation 12, 15, 17 .
The aim of this study was to determine the micelle behavior of four different bile salts using several 1 H NMR methods. It is possible to clarify differences in micellar formation by comparing the results of complicated 1 H NMR data for the four bile salt species. Moreover, we analyzed an enormous amount of data to find the protons key to the hydrophobic interactions involved in aggregation. These results will be helpful to probe the currently proposed model of micelle formation for bile salts.
EXPERIMENTAL PROCEDURES

Materials
Sodium taurocholate NaTC, 97 and sodium taurodeoxycholate NaTDC, 97
were used as received Sigma-Aldrich Co. . Sodium taurochenodeoxycholate NaTCDC and sodium tauroursodeoxycholate NaTUDC were synthesized from the respective bile acids and taurine Sigma according to the procedure reported by Tserng et al. 18 . The products were washed with diethyl ether and then recrystallized from ethanol. The purity of the materials was then checked by thin-layer chromatography and a single spot was visible in the chromatograph. Deuterium oxide D, 99 , CIL and 3-trimethylsilyl propionic acid-D4 sodium salt TSP, 98 , MERCK were used as the solvent and internal standard, respectively, in the 1 H-NMR measurements.
Nuclear magnetic resonance NMR measurements
The concentration of the TSP internal standard was set at 0.2 . All experiments were performed at 298.2 0.5 K and an AV 300 Bruker was used for determining the 1 H-NMR spectra.
T 1 values were obtained using the 180 -τ-90 standard inversion recovery technique. The peak intensities at ten different inter pulse delays 0.025-1 s were determined within holding the linear relationship for all measurement samples. The following measurement conditions were employed in the experiments: 90 pulse of 12.1 μs, 180 pulse of 24.2 μs, relaxation delay of 6 s. The cumulative number was fixed at 16 times and these experiments were performed more than two times to ensure reproducibility. Rotating frame nuclear Overhauser and exchange spectroscopy ROESY was performed with a mixing time of 50 ms and standard three-pulse sequences; the 50 ms mixing time was selected on the basis of experiments performed with various mixing times. The experiment condition was the most superior in the peak detection. The cumulative number was fixed at 8 times and these experiments were performed two times. H-NMR spectra of bile salts Figure S1 shows the 1 H-NMR spectrum of the NaTC solution at varying concentrations. The 1 H chemical shifts can be assigned to their respective protons in the NaTC structure on the basis of previous reports 19, 20 . Only sharp and characteristic spectra were selected for data analysis.
The broad peak at ca. 1-2 ppm belonged to a steroid ring, but the peak separation was difficult to analyze objectively, due to the complicated peak shape and its variation with concentration. The chemical shifts of the NaTC peaks assigned to sites 3, 7β, 12β, 18, 19, 25 and 26 moved upfield with increasing concentration, whereas those associated with the methyl groups at positions 1, 21, and 23α moved downfield Fig. S2 . These slight changes in chemical shift imply that forming aggregates directly or indirectly influences the position of the protons in NaTC. Particularly, protons in the C26 were considerably reflected by the molecular aggregation. The observed changes in chemical shift with increasing concentration at position C26 for NaTC, NaTDC, NaTCDC, and NaTUDC also reflect a similar trend seen in measurements of bile salt aggregation using pyrene fluorescence intensity I 1 /I 3 , as shown in Fig. 2 21, 22 .
The changes of I 1 /I 3 ratio show the changes in the surrounding of pyrene probe. The polarity of the pyrene decreases with increasing bile salt concentration with solubilizing into the micelles. The correlation between changes in fluorescence intensity and the chemical shift of protons demonstrates that 1 H NMR measurements can also be used to observe the minute changes arising from aggregate formation. This study does not use changes in chemical shift to determine the cmc of bile salts, because many past reports have discussed this in detail Table 1 13, 22 24 .
Judging from the magnitude of changes in both fluorescence intensity and chemical shift, 1 H NMR measurements are sufficient to evaluate whether the bile salt has formed a micelle. The key protons involved in aggregate formation were estimated by ROESY and T 1 measurements, and the ROESY spectra could be used to measure the direct interactions between the bile salt molecules.
3.2 Analysis of bile salt aggregation structure using ROESY measurements Changes in the ROESY spectra with increasing bile salt concentration were measured to identify the specific protons involved in direct interactions during micelle formation. This technique has the advantage of directly probing intramicellar or intermicellar interactions by measuring the cross-relaxation. The cross-peak in the spectra can generally observe for proximity between protons that are close to less than 3-4 Å 12 . The approach of proton based on the hydrophobic interaction intends for the interaction between molecules. That is, we can determine the key protons involved in micelle formation. For example, ROESY spectra for NaTC solution of increasing concentration are shown in Fig. 3 . ROESY spectra for the other bile salts are shown in exclude the contribution of vicinal hydrogens within the individual bile salt molecules from the ROESY spectra. The low concentration of bile salt solutions 1 mM or 2.5 mM were used to judge the intermolecular cross-peak of the bile salts in the monomer state, because cross-peaks only existed for pairs of neighbor protons below the cmc. Moreover, the blue contour plots in the ROESY spectra express the intrinsic cross-peaks for each molecule arising from intramolecular interactions. For example, the 18-21, 12β-21, and 25-26 pairs arise from interaction between vicinal protons and do not originate from aggregation. On the other hand, the green contour plots in Fig. 3 and Figs. S3-S5 show cross-peaks arising from a close proximity between intermolecular protons. The ROE intensity of the cross-peak pairs observed just above the cmc 10 mM and at a relatively high concentration 40 mM are expressed in Table 2 . Generally, a high ROE intensity indicates a close proximity between two protons. We only extracted the identity of the proton pair in our experimental condition and suppose the difference from comparing results on four bile salts. There are many contour plots in Fig. 3 and Figs. S3-S5, but we can only deal assigned peaks. As shown in Table 2 , the cross-peaks of the methyl protons at sites 18 and 19 indicate that these protons greatly contribute to micelle formation through hydrophobic interactions in all the four bile salt species. However, the other pairs were also observed for each bile salts solution according to Table  2 . The ROESY spectra of the four bile salts at 40 mM are compiled in Fig. 4 . It is clear that the cross-peak patterns are different for the four bile salt species and this can be used to find the characteristic hydrogen pairs for each species. It was difficult to propose detailed aggregate structures for each bile salt from the results of Table 2 alone. In this study, we identified the hydrogen atoms that played an important role in aggregate formation. As mentioned previously, the methyl groups at positions 18 and 19, located in the convex of the bile salt molecules, played an important role in the formation of aggregates. If two 3β-19 (7.9 10 5 ) Fig. 4 ROESY spectra for 40 mM solutions of NaTC, NaTDC, NaTCDC, and NaTUDC. The different patterns for the four bile salt species indicate that each bile salt micelle form is different.
molecules align in an antiparallel direction, as illustrated in Fig. 5 , the pair of 18 and 19 methyl groups can mutually interact with each other and induce aggregation. This antiparallel aggregation model with back-to-back faces has been discussed in previous reports 4, 10, 12, 15, 16 . Of course, aggregates or the basic units are not composed of only 2 molecules, but are contain a large number of bile salt molecules. Thus, the ROESY measurements confirm slight differences in the position of the hydroxyl groups at sites 3, 7, and 12 in the four bile salt species affect the angle and orientation of interacting molecules and their tendency to associate. However, there is a limit to the detail of each bile salt micelle model that can be constructed from ROESY measurements. The results of the present study may support data collected using other procedures in the future.
Micelle model determined from T 1 measurement
The model of primary-secondary micelles suggested by Small et al. is a representative model of bile salt micelle structures 1 . At relatively low concentrations, the primary micelles associate via hydrophobic interactions. At higher concentrations, the primary micelles form a relatively large aggregate secondary micelle by hydrogen bonding and hydrophobic association. The driving force for forming secondary micelles is hydrogen bonding between hydrophilic regions hydroxyl or amino groups 9 . According to previous reports, the primary micelle was observed for dihydroxyl bile salts groups 1 . However, there is not sufficient experimental evidence to corroborate this correlation. On the other hand, computer simulations by Pártay et al. suggested that hydrogen bonding and hydrophobic interactions are important in the composition of primary micelles 10, 11 . The molecular dynamics simulations also supported the theory that changes in the aggregate structure primary-secondary micelle contribute to micelle growth. We also tried to confirm the primary-secondary micelle model and the differences in micelle formation for the four different bile salt systems by comparing their spinlattice relaxation times longitudinal relaxation time: T 1 . T 1 is based on the molecular dynamics of rotational and translational motion, and may be a useful parameter for investigating micellar structure. In general, the rotational and translational motions for amphiphile s molecules in the micelle are more restricted than those in monomer state, therefore, the T 1 of proton in the micellar interior is relative shorter than that in the surrounding solvent 25 . For example, the technique for T 1 measurement has been used to determine the motional freedom for surfactant in mixed micelles 26 or change of extent of the molecular motion in the micellar core by solubilization 27 . The relaxation time T 1 for the four bile salt species was measured as a function of bile salt concentration. The results for selected key protons are summarized in Fig. S6 . However, T 1 values could only be obtained for sharp peaks in the 1 H NMR spectra. In general, T 1 values for protons at both hydrophilic and hydrophobic sites drastically decrease upon micelles formation in aliphatic surfactant systems 26 , because proximal molecules limit the dynamic behavior of each molecule within the micelle. However, there is an uncommon example in which T 1 increases with concentration after micelle formation with including present study 28 . The reason for this is not clear, but it must come from a change in the aggregate structure. As shown in Fig. S6 , the variation of T 1 with bile salt concentration was complicated when compared to the behavior expected for a general aliphatic surfactant. The monomer solution 1 mM and 2.5 mM T 1 values for the hydrophilic proton sites C25 and C26 were considerably larger than the T 1 values of all other proton positions at any concentration. This indicates that the degree of rotational and translation motion of protons in the bile salt molecules decreases after micelle formation. That is, the dynamic motion of protons is restricted due to the intramicellar and intermicellar interactions. The T 1 values for the hydrophilic regions of the bile salt molecules were greatly affected by micelle formation. T 1 at the C26 position for all four bile salt species is plotted against bile salt concentration in Fig. 6 a . The value of T 1 at C26 posi- tion decreases with increasing salt concentration for all four bile salts, though this decrease is clearly less pronounced for NaTC trihydroxyl bile salt compared to the dihydroxyl bile salt species; this may imply that the sidechain of NaTC can move more freely in comparison with the dihydroxyl bile salt species. The characteristic of the NaTC micelle is to form a relatively small micelle as shown in Table 1 . That is, the ratio of hydrogen bonding between the hydrophilic side-chain and the hydroxyl groups in NaTC micelles may be considerably lower than in the dihydroxyl bile salt micelles. Moreover, the trend in T 1 values for the hydrophobic proton sites C18 and C19 on NaTC are also different from the other bile salts, as shown in Fig. 6 b and c . These T 1 values of NaTC stay relatively constant even at higher concentrations, showing that the micellar structure does not change with concentration. The remarkably differences in T 1 for each bile salt molecule are only shown for the difference structure of micelle on NaTC. The argument for the contribution of hydrogen bonding with including number and position using molecular dynamics simulations still continues even today 29 . In order to clarify the mechanism of bile salt micelle formation, it will be necessary to reconcile the results of computer simulations and experiment studies.
CONCLUSION
The aggregation of bile salts arising from their particular molecular structure has been discussed and some aggregation models have been proposed using the latest measuring equipment and simulation technology. We clarified the relative differences and features of micelles for the four bile salts, but did not build a complete model of aggregation for them, because the results of the 1 H NMR measurements only reflect the average behavior of molecules in solution.
From ROESY measurements, it was found that the bile salt molecules aggregate with the convex side of molecules aligning through hydrophobic interaction of the methyl groups at positions C18 and C19. In addition, many interacting hydrogen pairs form aggregates with small aggregation numbers in bile salts such as NaTC and NaTUDC. These micelles are composed from complicated combinations of interactions. The NaTC was found to display a different trend in T 1 values for both hydrophobic and hydrophilic sites, compared to the three other bile salts. The long relaxation time for the alkyl side-chain may imply that the micelles remain as primary micelles even if the concentration is increased. These 1 H NMR measurements showed that the bile salt molecules form different micelle structures based on their molecular characteristics. 
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